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Organocatalysis has received considerable attention in the
past 10 years!"! and is becoming an exciting area of research,
particularly as organocatalytic transformations are now
being considered in the design of syntheses of complex natu-
ral products® and drugs.” Most of the organocatalytic reac-
tions involve two basic activation routes: enamine catalysis™!
and iminium catalysis.’! More recently, the combination of
oxidants in the presence of organocatalysts!® and the use of
photoredox properties of metal complexes have been re-
ported,”! thus opening up new frontiers in the field of orga-
nocatalysis.

Recently, the concept of combining organocatalysis with
organotransition metal complexes has led to exciting strat-
egies for the development of innovative transformations.”®!
In particular, Nishibayashi described a highly enantioselec-
tive propargylation of aldehydes by combining the Hayashi-
Jgrgensen organocatalyst derivative 1 with a ruthenium
complex (Scheme 1).”) The methanothiolated-bridged diru-
thenium complex [{Cp*RuCl(y,-SMe)},] (Cp*=1’CsMes) 2
activated with NH,BF, formed a cationic ruthenium com-
plex 3 which was able to transform the alkynyl alcohol
through a stabilized formal propargylic carbocation,!”
which reacts with the chiral enamine through an Syl mecha-
nism.

However, no reaction occurred when propargylic alcohols
with an internal alkyne moiety were used under identical re-
action conditions. This observation, re-
ported by Nishibayashi clearly indicates

Cp*, * . .
Ru >S GCP that the formation of the ruthenium-al-
C,\'Ae/s Mo lenylidene A complex is crucial for this
,  kind of reaction.?!

A Although the enantiomeric excesses
(ee) were excellent for the major syn
stereoisomer, long reaction times (40—
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Scheme 1. Propargylation of terminal and internal alkynes. OTf=triflate.

120 h) were necessary to accomplish the transformation
using toluene as the reaction solvent. On the other hand,
propargylic alcohols can be activated towards Sy1 type reac-
tions with nucleophiles using a variety of Lewis acids or
Brgnsted acids.!

To promote the enantioselective propargylic alkylation of
internal alkynes, a metal catalyst needs to be able to act in a
cooperative manner'™ with the organocatalyst. Moreover,
the metal catalyst needs to have a reduced activity towards
the m-activation of alkynes (as in gold-, silver-, or platinum-
catalyzed reactions) and it needs to tolerate the presence of
secondary amine, aldehydes, and water that are formed
during the catalytic cycle (Scheme 2).

Herein, we report a facile, catalytic, and highly stereose-
lective organocatalytic alkylation of internal propargylic al-
cohols with aldehydes in the presence of water as the reac-
tion solvent. In addition, the methodology is quite versatile
and tolerant towards functional groups and it allows the use
of highly functionalized internal alkynes and aldehydes.

Recently, we have focused our attention on the develop-
ment of o-alkylation of aldehydes by Syl-type reactions
with alcohols.!''"¥ We found that InBr;, used in catalytic
amounts, was able to induce alkylation of allylic alcohols by
organocatalysis.'"®! Indium salts were found to be suitable
for the formation of less stabilized carbocations, and were
not deactivated by aldehydes, secondary amines (MacMillan
catalyst),™ or water, which are present in the reaction mix-
ture. The compatibility of indium with organocatalytic reac-
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Scheme 2. Favorable combination of cooperative catalysts for the alkyla-
tion of internal alkynes.

tions prompted us to explore other stabilized carbocations
in the alkylation of internal propargylic alcohols. The alco-
hols 4a-d were selected as model substrates and the reac-
tion was performed in the presence of indium salts with the
MacMillan catalysts 6a-e. No reaction occurred if the Mac-
Millan catalysts were used with alcohols and octanal in the
absence of indium salts. Even the propargylic alcohol 4d,
which is able to form a stabilized carbocation, was com-
pletely unreactive in the absence of indium salts under the
reaction conditions employed (Table 1).

Table 1. Organocatalytic a-alkylation of octanal with propargylic alco-
hols in the presence of indium(III) salts.

R =Ph; R
Ar=Ph
R =Ph;
Ar = pMeOPh

6a-e, (20 mol %)

Ar = pMeOPh
R = SiMeg;
Ar = pNMe,Ph

o 7/ o Cy o s o 7/ Ou v/
N | N N N N
oA s
N N N N H
ph H ph M pn H ph H Ph
6a 6b 6¢c 6d be

4a-d 5a

anti  Ta-d syn

Alcohol Cat. Solvent Yield [%] drl ee [%]
4l Ge CH,Cl, >95 1:1 40/20
4cl Ge CH,Cl, >95 1.1:1 63/47
4cltl 6¢ H,0 - - -

4d 6a CH,Cl, 75 1.1:1 98/94
4d 6b CH,Cl, 70 12:1 97/97
4d 6¢ CH,Cl, 56 1.3:1 95/90
4d 6d CH,Cl, <10 1:1 n.d.
4d Ge CH,Cl, 90 3:1 69/41
4d 6¢ CHCl, 90 1.3:1 95/84
4d 6¢ H,0 95 3.3:1 98/88
4d 6a CH,Cl, 75 1.1:1 98/94

[a] Reaction conditions: alcohols 4a-d (0.1 mmol), octanal 5a

(0.3 mmol), 20% of the catalyst 6a—e, solvent (0.5 mL), and 20 mol % of
the corresponding indium salt (0.33 M solution in CH;CN) at 0°C for 16—
24 h. [b] For all the reactions the d.r. ratio was determined by 'H NMR
spectroscopic analysis. The ratio is indicated as anti versus syn. [c] Deter-
mined by chiral HPLC analysis of the isolated products or of the corre-
sponding alcohols. See the Supporting Information for details. [d] Re-
action time: 4 h at RT. No reaction occurred in 24 h at 0°C. [e] InBr;
(20 mol %) was used as Lewis acid. [f] No reaction occurred. [g] n.d.=
not determined.
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We observed that substrate 4a was unreactive, whereas
4b reacted very slowly (more than 40 h). However, 4¢ and
4d in dichloromethane gave the desired products in less
than 24 h. The alcohol 4¢ was not reactive at 0°C. For both
substrates the diastereomeric ratio (d.r.) was quite low when
the MacMillan catalysts 6a—-d were employed in the reac-
tion. Catalyst 6e gave an acceptable d.r. with alcohol 4d but
the enantiomeric excesses recorded were quite low. We
found an increased stereoselectivity when undergoing the
propargylation in the presence of water.®! However, under
these conditions only substrate 4d had shown reactivity."”!
In general, the reaction was promoted in the presence of In-
(OTY),, whereas other indium salts gave slightly inferior re-
sults in terms of diastereoselectivity. Although the MacMil-
lan catalyst 6e gave a poor stereoselectivity in the reaction,
the use of the catalysts 6¢!' in the presence of water gave a
good d.r. and excellent enantiocontrol with alcohol 4d. It is
noteworthy that the use of water as the reaction medium is
well-explored in organocatalysis.""! Although we have not
observed a dramatic acceleration of the reaction typical of
“on water” conditions,?” it is quite remarkable that the Syl
reaction is not hampered by water and that the reaction is
working only in the presence of indium salts.

The subtle role played by water in organocatalytic pro-
cesses was recently highlighted by Wennemers?! and Flow-
ers,”” whereas the compatibility of Lewis acid with water in
terms of their kinetic stability and water exchange processes
was reported by Kobayashi.” Indium salts have the desira-
ble characteristic of stability and compatibility to promote
acidic processes in the presence of water. Furthermore, the
Sx1 type reaction of a propargylic cation in water is dictated
by the stability of the carbocation relative to the nucleophi-
licity of water.”!! Based on the Mayr table!"”! we have select-
ed the substrates 4e-s for exploring the scope of our reac-
tion and the results are illustrated in Tables 2 and 3.

Different substrates (4e-s) were obtained from the corre-
sponding aldehydes (see the Supporting Information for de-
tails). Aryl, indole, or naphthyl groups attached to the prop-
argylic alcohols did not significantly affect the reactivity or
selectivity of the reaction.

Quite remarkably, the reaction tolerates a range of func-
tional groups including thio, amides, silyl ether, and even
acetals in the alkyne moiety. The presence of groups that
are able to stabilize the carbenium ion is mandatory for the
reaction. When other functionalized aldehydes were used
with 4d, the corresponding products were isolated in good
yields as a mixture of two diastereoisomers, each one with
high stereoselectivity, showing that the reaction has also
broad scope with respect to the aldehyde (Table 3). The rel-
ative configurations of the syn and anti products were as-
signed by comparison with products obtained by Nishibaya-
shi,”) whereas the absolute configuration was assigned by
chemical correlation to a known product (see the Support-
ing Information for details).” The absolute and relative
configurations of the products obtained in the reaction are
in general agreement with the model that we have suggested
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Table 2. Stereoselective propargylation of octanal with MacMillan cata-
lyst in the presence of catalytic amount of In(OTf);.

R 6¢ (20 mol %)
= o IN(OTf);
Ar /+ % _(20mol%)
OH H 0,0°C
n-CgHi3 2 n-CgHa3 n- CGH13
de-s 5a ant/

4e: Ar = pNMe,Ph; R = TIPS
4f Ar = pNMe,Ph, R = TBS
4g: Ar = pNMe,Ph, R = TPS
4h: Ar = pNMe,Ph, R = n-C4Hg

4m: Ar = pNMe,Ph, R = CH,CH,OTBS
4n: Ar = pNMe,Ph, R = CH,SPh

4o0: Ar = 2-Cl-4-NMe,Ph, R = TMS

4i: Ar = pNMe,Ph, R = CH(OEt), 4p: Ar = 2-Me-4-NMe,Ph, R = TMS

4j: Ar = pNMe,Ph, R = CH,CH,Ph 4q: Ar = 4-NMe,-1-Napthyl, R = TMS
4k Ar = pNMe,Ph. R = CH,N(BOC)Ph  4r: Ar = (N-TIPS)-2-Indolyl, R = TMS
41: Ar = pNMeyPh, R = CH;CH,OTHP 487 Ar = (N-Me)-2-Indolyl, R = TMS

Entryl! Product Yield d.rl ee [%] ee [%]
[%]® antit] synldl
1 Te 87 3.0:1 92 87
2 7f 70 2.6:1 96 91
3 g 87 3.0:1 96 92
4 Th 92 3.0:1 98 94
5 7i 97 2.6:1 97 94
6 7j 91 2.5:1 96 91
7 7k 80 3.0:1 97 98
8 71 93 2.1:1 94 90
9 Tm 94 2.5:1 98 92
10 Tn 96 2.6:1 92 92
11 70 84 4.9:1 99 96
12 Tp 95 44:1 96 95
13 7q 71 6.7:1 93 86
14 Tr 86 1.3:1 92 72
15 Ts 98 1:1.4% 95 94

[a] The reactions were performed at 0°C with alcohol 4e-s (1 equiv), oc-
tanal 5a (3 equiv), in the presence of catalyst 6¢ (20 mol % ). In(OTf),
(20 mol %, 0.33m solution in CH;CN) was added to the reaction mixture
containing the aldehyde, the alcohol 4e—s and the catalyst 6¢, and the re-
actions were run until completion, shown by TLC (16-24 h). TIPS =trii-
sopropylsilyl, TBS =tert-butyldimethylsilyl, TPS =triphenylsilyl, BOC=
tert-butoxycarbonyl, THP =tetrahydropyran-2-yl. [b] Yield after chroma-
tographic purification. [c] For all the reactions the d.r. (anti vs. syn) was
measured by using 'HNMR and HPLC analyses. [d] Determined by
chiral HPLC analysis of the isolated products or of the corresponding
alcohols. See the Supporting Information for details. [e] The major dia-
steroisomer in this case was the syn one.

for the alkylation of aldehydes with alcohols using the Mac-
Millan catalyst (Figure 1).['?!

The presence of the dimethylamino functionality as an ac-
tivating group for substrates towards the addition of alde-
hydes can be advantageously used in further useful transfor-
mations, thereby enhancing the scope of our chemistry. Re-
cently, MacMillan and co-workers®! and Senanayake and
co-workers,?”! have described the nickel- and palladium-cat-
alyzed substitution of the dimethylamino group. This strat-
egy was used by MacMillan in the context of a total synthe-
sis.

The substrate 10a (obtained from 7a by reduction with
NaBH,, removal of the silyl group, catalytic hydrogenation
of the triple bond and successive protection with Bu-
Me,SiCl) was transformed into the corresponding ammoni-
um triflate by treatment with methyl triflate. Subsequent
treatment of the ammonium salt with 3,5-Me,PhMgBr and
4-FPhMgBr in the presence of catalytic amounts of the pal-
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Table 3. Organocatalytic alkylation of functionalized aldehydes Sb-f
with the propargylic alcohol 4d.

6c (20 mol %) ™S T™S

In(OTf,  Ar 4/ Ar.
H (20 mol %) +
—_— R
° | R
H,0, 0°C & |
4d 5b-f anti syn
8b-f
Ar = pNMe,Ph 5b: R = CH,OTBS,

5¢: R = CH,Ph,

5d: R = CH,;NHBOC,
5e: R = CHyNHTs,

5f: R = CH,CH,CH,CI,

Entry!® Product Yield d.rl ee [%] ee [%]
[%]®! anti¥ synl

1 8b 64 3.3:1 91 99

2 8¢ 95 1.8:1 94 90

3 8d 97 3.0:1 93 86

4 8e 87 1.9:1 91 75

6 8f 90 2.5:1 94 93

[a] The reactions were performed at 0°C with alcohol 4d (1 equiv), alde-
hyde 5b-f (3 equiv), in the presence of catalyst 6¢ (20 mol % ). In(OTf);
(20 mol %, 0.33m solution in CH;CN) was added to the reaction mixture
containing the aldehyde, alcohol 4d, catalyst 6¢, and the reactions were
run until completion by TLC (16-24 h). [b] Yield after chromatographic
purification. [c] For all the reactions the d.r. (anti vs. syn) was measured
by using '"H NMR and HPLC analyses. [d] Determined by chiral HPLC
analysis of the isolated products or of corresponding alcohols. See the
Supporting Information for details.

\ N H K \ H
Ar X %@“Ar

R’ oS ™S TMS R!
anti (major) syn (minor)

Figure 1. Proposed transition state stereochemical models for enantiose-
lective propargylations.

ladium complex [PdCl,(Ph;P),] gave the desired product
11a or 11b, respectively, in good yields with no racemiza-
tion, showing the possibility to further functionalize the
product obtained in our reaction.

Our results are complementary to those obtained by Nish-
ibayashi,*'? in which the major syn diastereoisomer was iso-
lated (up to 3.3:1). It is noteworthy that adducts obtained by
the methodology described by Nishibayashi are also accessi-
ble through our method, by a straightforward desilylation
with K,CO;/MeOH (e.g., Scheme 3, the transformation of
7a into 9a).

In conclusion, we have described the first catalytic stereo-
selective addition of aldehydes to internal functionalized
propargylic alcohols, promoted by a combination of an orga-
nocatalyst and indium triflate. The reaction is tolerant of a
range of functional groups and was performed in the pres-
ence of water. The possibility to induce the formation of car-
benium ion in the presence of water by merging an organo-
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11a: R = 3,5-dimethylphenyl; 87%,
d.r. 2.6:1; anti-11a: ee 92%;
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11b: R = 4-fluorophenyl; 89%,

d.r. 2.8:1; anti-11b: ee 92%;
syn-11b: ee 86%

10a: 93%

Scheme 3. Functionalization of the products obtained by the organo-
catalytic alkylation through a Pd-catalyzed arylation of the trimethyl-
ammonium triflate.

catalytic process with a Lewis acid®®! opens up several new
opportunities in the area of organocatalysis.”"

Experimental Section

General procedure: The compounds 4¢—s (0.1 mmol, 1 equiv) and alde-
hyde (0.3 mmol, 3 equiv) were added to a vial containing the MacMillan
catalyst 6¢ (0.02 mmol, 20 mol %) in H,O (0.5 mL) at 0°C. The mixture
was stirred for 1 min and at the same temperature a solution of In(OTf);
(20 mol %, 0.33M in acetonitrile) was slowly added. The mixture was
stirred for 24 h at the same temperature and was then diluted with Et,O.
The organic layer was separated and the aqueous layer was extracted
twice with Et,0. The collected organic layers were dried over Na,SO,
and then concentrated. The residue was purified by flash chromatogra-

phy.
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